This study investigated the shear design equations for prestressed hollow-core (PHC) slabs and examined the suitability of strength reduction factors based on the structural reliability theory. The reliability indexes were calculated for the shear strength equations of PHC slabs specified in several national design codes and those proposed in previous studies. In addition, the appropriate strength reduction factors for the shear strength equations to ensure the target reliability index were calculated. The results of the reliability index analysis on the ACI318-08 equation showed that the shear strengths of the members with the heights of more than 315 mm were evaluated to be excessively safe, whereas some members with low depths did not satisfy the target reliability index.
Introduction
The prestressed hollow-core (PHC) slabs are made in the form of hollow sections with a circular or elliptical shape, as shown in Figure 1 , to make them lighter and maximize the sectional efficiency. The prestress is commonly introduced to the PHC slabs by the placing of prestressing tendons, which leads them to have excellent flexural resistance. In addition, they have been widely used as a lightweight floor structural system in Europe and North America due to their excellent economic efficiency and constructability [1] [2] [3] . However, since the PHC slab members are typically formed by extruder machines that cast concrete while moving in the longitudinal direction of the members, it is very difficult to place shear reinforcements which are to be placed in the vertical direction. Moreover, the PHC slabs have thin webs due to the hollow-cores inside, and thus their shear strengths are typically dominated by the web-shear strength at the ends of the members. The method of enhancing their shear strength is truly very limited, compared to what can be done to enhance their flexural strengths, for which their member strengths are governed by the web-shear strength in most cases [2, 3] . In particular, the previous experimental studies [1, 3] reported that, for the PHC slabs with the depths of greater than 315 mm (12.5 in.), the shear strengths were somewhat overestimated by the web-shear strength specified in ACI318-05. On that basis, the shear provision in ACI318-08 was substantially revised to reduce the shear strength of the PHC slabs greater than 315 mm depth with no minimum shear reinforcement by half [3] [4] [5] [6] . As mentioned by Im [7] and Palmer and Schultz [6, 8] , however, the revised shear provision can provide very conservative shear strengths for the PHC slabs thicker than 315 mm, and it can thus serve as a limiting factor for their wide applications. Therefore, more detailed analyses and deep examinations on the shear strengths of the PHC slabs are necessary. In the authors' previous study [9] , the shear strength equations in the current design codes [4, 5, [10] [11] [12] [13] and by a research group [14] were examined in detail comparing to the experimental results of the PHC slab members collected from literature. Then, they proposed an equation to calculate the web-shear strengths of the PHC slabs which is simple but provides a proper margin of safety.
In the design codes, based on the ultimate strength design approach, the design strength ( ) is calculated by multiplying the nominal strength ( ) of the member and the strength reduction factor ( ) that is less than 1, depending on the importance and failure mode of the member to take into account the variability of materials and dimensions, the construction errors, the uncertainties of code equations, and so on. Macgregor et al. [15] determined the strength reduction factor ( ) by performing structural reliability analyses on the experimental results available at that time. In the current ACI 318 design code (2014) [16] , however, the shear strength reduction factor is 0.75 for both reinforced concrete (RC) and prestressed concrete (PSC) members even though the construction errors and the uncertainties of the code equations for the RC and PSC members are not the same. In particular, Lee et al. [9] reported that the web-shear strength equation for PSC members overestimated the shear strengths of the PHC slabs with the heights of less than 315 mm (thin PHC slabs, hereafter) as well as those of greater than 315 mm (thick PHC slabs, hereafter). Thus, it is necessary to reexamine the current reduction factor for the shear strengths of PHC slabs. In this regard, this study examined the suitability of the shear strength reduction factor of 0.75 specified in the current ACI 318 design code (2014), based on the structural reliability analysis on the experimental results of the PHC slabs collected from literature including the authors' previous study.
Web-Shear Strength
The shear failures of PSC members without shear reinforcements are generally divided into the web-shear and flexuralshear failures [20] [21] [22] . The shear failure of PHC slabs that have a thin web due to the hollow-cores in the section is dominated by web-shear strength in most cases [3, [6] [7] [8] [9] [23] [24] [25] . In most design codes [4, 5, 11] , two assumptions are introduced to simplify the calculations of web-shear strength; as shown in Figure 2 , the critical section is located at a certain distance ( ) away from the support, and the vertical normal stress ( ) at the centroid of the section is negligible. Then, the shear strength ( ) and the longitudinal stress ( ) at the centroid axis of the critical section can be represented as follows:
where is the ratio of the prestress at the critical section to the fully effective prestress of the strands, which can be estimated as the distance ( ) from the member end to the critical section divided by the transfer length ( ) as shown in Figure 2 . Also, is the effective prestress, and are the cross-sectional area of the strands and the member, respectively, is the moment of area, is the moment of inertia of gross section, is the sum of the web width, and is the shear force acting on the section. According to the theory of elasticity [26] , the principal tensile stress ( 1 ) at the critical section can be represented as follows:
The point at which the principal tensile stress ( 1 ) on the web reaches the tensile strength of the concrete ( ) is considered as the shear cracking strength of the PSC member. The shear cracking strength and the shear strength of the member can be different, but they are assumed to be the same because their difference is very small especially when no shear reinforcements are placed. Therefore, by substituting (1) and (2) into and in (3), respectively, the web-shear strength ( ) can be represented as follows:
Advances in Materials Science and Engineering 3 In Eurocode 2 [11] and FIP recommendations [12] , (4) is used to calculate the web-shear strength of PSC members. Eurocode 2 also presents the web-shear strength ( , ) of PSC members in a similar form as follows:
where is 0.7 / . Here, is a coefficient to take account of long term effects on the tensile strength and unfavorable effects depending on the patterns of applied loads, and the recommended value is 1.0 in most cases. Also, is the partial safety factor for concrete, and 1. is the stress of strands right after release. is the concrete compressive stress at the centroid axis due to axial loading and/or prestressing (equals to ). Walraven and Mercx (1983) proposed the web-shear strength ( ) of PHC slabs by applying the overall reduction factor of 0.75 to Eurocode 2 equation, as follows:
where is as follows:
and is 0.05 + 1, and is the bearing length. The FIP recommendation [12] suggests the web-shear strength ( 12 ) as follows:
In (5), compared to (8), the reduction factor of 0.9 was additionally considered. Also, 0.3( ) 2/3 presented in the CEB-FIP Model Code [12] is used for , and the value presented by Walraven and Mercx [14] in (7) is also applied for . In JSCE (2007), the web-shear strength ( ) of the prestressed member without shear reinforcements is presented as follows:
where is 1.25√ , is the member factor that is generally taken to the value of 1.3, and is the effective member depth.
ACI318-08 and AASHTO-LRFD simplified method [10] assumes the shear stress distribution as the mean shear stress ( , ), as follows:
Accordingly, the web-shear strength ( ) is presented in ACI318-08 (same as ACI318 -14) and AASHTO-LRFD simplified method, respectively, as follows:
where is the distance from the extreme compression fiber to the centroid of prestressing steel, V is the effective shear depth, and is the vertical component of prestressing force. However, since most of the PHC slabs without shear reinforcements fail in shear soon or right after diagonal cracks occur in the web, mostly having no flexural cracks at the end region, it is not suitable to calculate the web-shear strength by assuming the shear stress as the mean stress value of a cracked section. Therefore, in the authors' previous study [9] , they considered the shear stress distribution as a parabolic shape and proposed the web-shear strength ( ) as follows:
where the web-shear strength presented in ACI318-05 was lowered as much as the ratio of the average to the parabolic shear stress; that is, [ /( )]. In addition, a more simplified version of (13) was also proposed by applying the mean value of /( ) of the collected specimens as 0.76, as follows:
Even in the authors' previous study (Lee et al., 2014) , they recommended reducing the shear strength, calculated by (14) , of the PHC slab members having more than 500 mm depth by half to ensure a proper margin of safety.
As shown in Table 1 , a total of 155 experimental data sets were collected from Lee et al. [9] and Im [7] in order to validate the accuracy and reliability of the shear strength equations of design codes or previous studies. Table 3 presents the strength ratios ( ,Cal / ,Test ) of the shear strengths calculated by design codes and previous researchers to the test results on the specimens collected in this study. Note that no material or strength reduction factor was applied in the calculation only to check the accuracies of their shear strengths. It seems that the web-shear strength equation of ACI318-05 provided a good accuracy with a mean of 0.955 and a COV (coefficient of variation) of 0.251. Lee et al. [9] reported, however, that the shear strength by ACI318-05 provided unsafe results for a large number of specimens as shown in Figure 3 Total 155 specimens
Cf. void type: NC (noncircular), C (circular), and I (I shape);
: specified tensile strength of prestressing steel; : compressive stress in concrete at the centroid of the section due to effective prestress.
Advances in Materials Science and Engineering ACI318-08, revised from ACI318-05, provided very conservative estimation on the shear strength of the PHC slabs having more than 315 mm depth. Compared to these shear strength equations, the proposed equations by Walraven and Mercx [14] and Lee et al. [9] showed a better accuracy, as will be examined in detail later in the section on the shear strength reduction factor for PHC slabs. In particular, the equation proposed by Lee et al. [9] is fairly easy to apply in practical design because of its simple form.
Strength Reduction Factor
Many researches have been conducted to ensure the structural safety by considering the uncertainties of structural materials and members [18, 27] , which required a lot of time and efforts since they are based on the vast amount of experimental results and statistical data. Macgregor [27] collected the experimental results of reinforced concrete and prestressed concrete members, based on which they performed statistical analysis to investigate the uncertainties of the materials and members and derived the relationship between the strength reduction factor and the load factor based on the predetermined target reliability index ( ). The target reliability is an index set to ensure a certain level of safety. In general, the probabilistic approaches to evaluate the structural safety by applying the structural reliability theory [28, 29] are divided into three types, that is, Level I, Level II, and Level III [30] . Level III is the most accurate approach, in which numerous random values are generated through a Monte Carlo simulation based on the mean and variance of each random variable and then substituted into the limit state function to directly calculate the number of failure cases. This method requires a significantly large number of trials, which is very disadvantageous. Level II is an approximate approach that estimates the failure probability through the reliability methods such as the First-Order Reliability Method (FORM) and the Second-Order Reliability Method (SORM). The limit state function can be linearized by the FORM, and the reliability index is then estimated in a simple manner. The limit state function can be approximated in a quadratic form by the SORM, and the probability of failure is then estimated at the quadratic failure surface. These methods have an advantage in that the time required for analysis is relatively shorter than Level III. Level I is a method that determines the safety factor so that the reliability index ( ), based on the design strength, exceeds the target reliability ( ) [31] . The target reliability can be determined by considering the safety margin and the consequences of failure. Macgregor [27] performed statistical analysis of the relationship between the strength reduction factor and the load factor, based on which he determined as 3.0 to satisfy the failure probability of 0.13%, and decided the load factors for the combination of dead loads, live loads, and snow loads, as follows:
where is the factored load, is the dead load, is the live load, and is the snow load. In addition, when a wind load and earthquake load are applied, was set to 2.5 and 2.0, respectively, and the load combinations were determined, as follows: 
where is the wind load and is the earthquake load. The failure probability varies greatly depending not only on the variability of the loads but also on the failure modes of the members. For the case of shear, the differences between the actual failure loads and the member strengths calculated by code equations are relatively large, and thus it should be designed to be safer compared to the case of flexure. Therefore, Macgregor [27] proposed different strength reduction factors according to failure modes so as to satisfy with the load factors. In ACI318-83, the strength reduction factors were 0.85 for flexure, 0.70 for shear and torsion, and 0.70 and 0.65 for the spiral and the tied columns under compression, respectively, which were then revised a few times later up to the current version of ACI318-14.
In recent years, however, the uncertainties of the material and member strengths have been reduced with the development of material production and processing technology and structural design and construction technology. Accordingly, the design of concrete members by applying the strength reduction factors based on previous statistical data on the materials and members can lead to becoming excessively conservative, which may cause restraining economic efficiency. Nowak and Szerszen [18, 19] conducted a research on the strength reduction factors by setting to 3.5 based on the recent statistics data, that is, mean, variance, and coefficient of variation of material, and proposed the strength reduction factors of 0.9 and 0.85 for flexural and shear, respectively, which are equal to or greater than those of 0.9 and 0.75 presented in ACI318-14. This is, as previously mentioned, because the uncertainties are reduced due to a decrease in the variation of the material and member strengths and an enhanced accuracy of their strength estimation. Thus, a more reasonable strength reduction factor, which is on the safe side, was proposed by setting higher .
In accordance with the recent researches, the target reliability for shear in PHC slabs was set to 3.5 in this study. The strength reduction factor for the shear and torsion in RC members is 0.75 in ACI318-14, which applies equally to PHC slabs. As mentioned previously, because PHC slabs are mostly manufactured in a factory, the quality of materials and members is consistently good, and the uncertainties of the member strengths are relatively small compared to typical RC members. In addition, the PHC slab members have hollowcores in the section and relatively small depths, compared to the typical PSC beam members, and thus they have different deviations of the material and member strengths from those PSC beams. Therefore, a detailed analysis is necessary to check the suitability of 0.75 as the strength reduction factor for the shear design of PHC slabs when they are designed by applying the shear strength equations used for the general PSC members.
Shear Failure Probability of PHC Slabs.
In order to investigate whether it is appropriate to apply the shear strength reduction factor of 0.75 in calculating the shear strengths of PHC slabs, the reliability index ( ) was estimated for 155 data pieces collected in this study, based on the First-Order Reliability Method [30] . For the load combination of 1.2 + 1.6 , the nominal strength ( ) should be designed to be equal to or greater than the required strength ( 1.2 +1.6 ), which can be expressed as follows:
where the safety factor (SF) can be defined as follows:
Considering + in (18) as the load at shear failure of the specimen, the limit state function ( ) can be defined as follows:
where is the shear strength calculated by the code equations or other proposed equations by researchers and test is the experimental value. The shear strength ( ) of the PHC slab is a function of several random variables. As shown in (11) , that is, the ACI code equation, the compressive strength of concrete ( ), the compressive stress in concrete at the centroid of the cross section ( ), and the shape of the PHC slab ( , ) are the random variables. The moment of inertia of gross section ( ) and section modulus ( ) can be additional random variables in Eurocode (see (5)). The bias factors and COVs for each random variable refer to the study of Nowak and Szerszen [18] as shown in Table 2 . Since is a function of the combinations of several random variables, such as the effective prestress ( ), sectional area of tendon ( ), and sectional area of the PHC slab ( = ), this study assumed a normal distribution of these variables ( , , ) and then generated 1.0 × 10 6 random numbers for each random variable through a Monte Carlo simulation to determine the COV and bias factor of . The First-Order Reliability Method (FORM) analysis was performed using the limit state function presented in (19) and the probability distribution of the influencing variables on the shear strength, based on which the reliability index ( ) was calculated for all the specimens. In case the limit state function is linear, can be estimated by calculating the minimum distance between the origin and the limit state function in a plane where each random variable ( 1 , 2 ) is changed to standard normal distribution random variables ( 1 , 2 ) as shown in Figure 4 . That is, the point that orthogonally comes in contact with the limit state function is the most probable failure point (MPP), and the distance between the origin and the MPP ( ) can be expressed as a function of the mean and variance of each random variable as follows [30] :
When the limit state function is nonlinear, it is very difficult to calculate the value, and it can be thus simplified by the first-order approximation. The limit state function can be expanded by the Taylor series, as follows:
where is a limit state function, is a random variable, and * is a random variable at the MPP. By the FORM, the firstorder term of (21) can be taken as follows:
where and * are reduced variates and taken as follows, respectively: From the first-order approximation, the mean value and variance ( and 2 ) of the function ( ) can be presented, as follows:
As mentioned previously, the reliability index can be expressed as a function of the mean and standard deviation, and thus the reliability index of FORM becomes Figure 5 shows the reliability index ( ) for 155 specimens, which were calculated by applying the ACI318-08 equation Member Height, h (mm) Figure 6 : Ratio of average shear stress to parabolic shear stress.
to the limit state function with a strength reduction factor of 0.75 and a live load ratio to dead load of 0.5. The ACI318-08 equation showed significantly greater reliability index values in the cases of the PHC members with more than 315 mm depth because it allows only half the shear strengths of the members, and it confirms that the shear strengths by the ACI318-08 equation are excessively conservative for those thick members. Therefore, the shear strength reduction factor of 0.75 for the thick PHC slabs could result in a very uneconomical design. In addition, there were many cases that did not satisfy the target reliability ( = 3.5) in the PHC members with less than 315 mm depth. This is because the ACI318-08 equation is based on the assumption of the average shear stress distribution as shown in (10) , and thus, as shown in Figure 6 , the shear strength is underestimated by about 80% compared to the shear strength obtained by assuming the parabolic distribution of shear stress on the web. In contrast, as shown in Figure 7 , the shear strength by Lee et al. 's [9] and Walraven and Mercx's [14] models in which the shear stress distribution of the PHC slab is considered to be a parabolic was found to secure the reliability index more than the target reliability ( ) for most PHC slab members including the members with more than 315 mm depth. In Lee et al. 's [9] and Walraven and Mercx's [14] models, however, the reliability index values ( ) for most of the data were greater than 4.5, which means that the failure probability is lower than 3.4 × 10 −4 %. Therefore, if the PHC slabs are designed by these approaches, the shear strength reduction factor of 0.75 could result in a very uneconomical design.
Shear Strength Reduction Factor for PHC Slabs.
This study derived the relationship between the strength reduction factor of the PHC slab and reliability index ( ) by using the shear strength estimation model proposed by the authors' previous study [9] . In order to consider various load conditions applied to the structures, as shown in Figure 8 , the reliability indexes ( ) were calculated according to the ratio of the dead load to the sum of dead load and live load ( /( + )). The load ratios /( + ) ranged from 0.9, in which 
where Lee and Lee are the mean and variance of Lee et al. 's model, respectively. In this study, a normal distribution was assumed for the variables used in Lee et al. 's model and 1.0 × 10 6 random numbers were then generated for each random variable through the Monte Carlo simulation to determine the COV and bias factor ( ) of Lee et al. 's model. The sectional and material properties of PHC slabs were referred from Im tests shown in Table 1 , and their bias factors and COVs were referred from Nowak and Szerszen [18] as shown in Table 2 . In (26) , and are the mean values of the dead and live loads, respectively, and 2 and 2 are the variances of the dead and live loads, respectively. The statistical data for the loads used in this study is also based on the study by Nowak and Szerszen [18] as presented in Table 4 . The mean values of Lee , , and can be expressed as follows: (17) and the ratios of dead load to dead load plus live load ( /( + )), (26) can be rearranged as a function of . When the dead load and live load are the same (i.e., /( + ) = 0.5), if the shear strength reduction factor of 0.75 is used, the reliability index was about 4.0, which is on the safe side. For the strength reduction factor of 0.8, the reliability index was about 3.5 which is almost equal to the target reliability ( ). According to Nowak and Szerszen [18, 19] , the load ratio /( + ) was reported to range generally from 0.3 to 0.7 in beams, from 0.3 to 0.6 in slabs, and from 0.4 to 0.9 in columns. Therefore, when the strength reduction factor of 0.75 is applied for the cases of load ratios ranging from 0.3 to 0.6, which is typical in slabs, the reliability index ( ) ranges from 3.90 to 4.07, which means being very safe. When the strength reduction factor of 0.8 is applied, the reliability index ( ) ranges from 3.51 to 3.71, which is slightly greater than the target reliability index ( ). This suggests that the use of the strength reduction factor of 0.8 makes it possible to perform an economic design, while satisfying the target reliability index. As mentioned previously, however, a large number of results of ACI318 equation do not satisfy the target reliability index ( ) for the members with less than 315 mm depth; thus, it is desirable to slightly lower the shear strength reduction factor for the design of the PHC slabs based on ACI318-08.
Conclusion
This study evaluated the accuracy on the web-shear strength equations of various codes and researchers by comparing to the experimental results of PHC slabs failed in web-shear and examined the shear strength reduction factors suitable for the shear design of the PHC slabs. The following conclusions were obtained from this study.
(1) The reliability analysis showed that the ACI318-08 equation is excessively conservative for the PHC members with greater than 315 mm depth; the shear strength reduction factor of 0.75 for the thick PHC slabs could result in a very uneconomical design.
(2) The ACI318-08 equation did not satisfy the target reliability ( = 3.5) for the PHC slabs with less than 315 mm depth, and thus it is desirable to slightly lower the shear strength reduction factor for the design of the PHC slabs based on ACI318-08. 
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